Background. Both a decrease in bone formation and the skeletal consequences of secondary hyperparathyroidism have been implied in the pathogenesis of age-related femoral neck osteoporosis. However, studies using biochemical indices of bone remodeling in hip fracture patients have yielded conflicting results. Similarly, secondary hyperparathyroidism has not been a consistent finding in this population. Some of these inconsistencies might reflect differences in the assays used as well as in the timing of the sampling. Moreover, measurements were mostly performed in a limited number of patients. In this regard, the aim of the present study was to analyze potential alterations in bone metabolism in a large population of elderly hip fracture patients.
O STEOPOROSIS is a systemic skeletal disease associated with low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture (1) . Bone loss implies an uncoupling of the phases of bone remodeling, with a relative or absolute increase in resorption over formation (2) . Type I (postmenopausal) osteoporosis is characterized by a disproportionate postmenopausal trabecular bone loss in a subset of women and complicated by vertebral compression fractures. Type II (age-related) osteoporosis, on the other hand, is associated with a proportionate age-related loss of both cortical and trabecular bone, in men as well as in women, ultimately leading to hip fractures (3) . Estrogen deficiency-induced bone resorption has been identified as the major determinant of bone loss in type I osteoporosis. In contrast, two other principal abnormalities in bone metabolism have been implied in the pathogenesis of bone loss in type II osteoporosis: impaired bone formation and the skeletal consequences of secondary hyperparathyroidism (3) (4) (5) (6) . First, at the level of individual remodeling foci, aging is associated with a decline in osteoblast function (4) . Second, an age-related increase in parathyroid function may occur secondary to an age-related decrease in vitamin D status (5) . As there is already a net loss of bone with each remodeling cycle in the elderly, and as the parathyroid hormone (PTH) induces bone resorption and increases the birth of new remodeling units, the effect of secondary hyperparathyroidism will be to amplify this uncoupling and to increase the amount of bone lost per unit time.
Bone histomorphometry of hip fracture patients has indeed provided evidence for a decrease in bone formation despite increased bone resorption (7) . However, secondary hyperparathyroidism has not been a consistent finding in age-related osteoporosis (8) (9) (10) (11) (12) (13) . Similarly, studies using biochemical indices of bone remodeling in hip fracture patients have yielded conflicting results (10, 12, (14) (15) (16) (17) (18) (19) (20) . As discussed below, some of these inconsistencies might
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reflect differences in the assays used as well as in the timing of the sampling. In addition, measurements were mostly performed in a limited number of patients. In the present study, systemic hormones affecting bone metabolism and markers of bone remodeling were measured in 117 women after sustaining a hip fracture and compared to the values in 117 elderly nonfractured controls. Among the bone and mineral-regulating endocrine factors, intact PTH, calcitonin, and 1,25-dihydroxyvitamin D [1,25( (21) , is the most abundant noncollagenous protein found in bone tissue, and circulating levels have been shown to reflect overall osteoblastic activity (22) . Pyridinoline and deoxypyridinoline cross-links, on the other hand, are involved in connecting the collagen chains within the bone matrix. Urinary excretion of pyridinium cross-links has been identified as a specific marker of collagen degradation due to bone resorption (23) . To minimize the potentially confounding effects of the trauma and the subsequent treatment, samples from hip fracture patients were obtained within 18 h after fracture, prior to surgery.
METHODS
Study design. -The investigation was a cross-sectional study conducted in 117 Caucasian patients with hip fracture (mean age 79.2 years, range 60-95) and 117 Caucasian elderly controls (mean age 77.7 years, range 70-90). Both fracture cases and control subjects were sampled throughout the same period. Informed consent was obtained from all patients and controls, and all procedures were approved by the institutional ethical committee.
Subject selection. -Women admitted to the Department of Traumatology following a fracture of the proximal femur were recruited consecutively. To be eligible for participation, women had to be over 60 years of age, to be previously ambulatory, and to have suffered a fall resulting in a radiologically confirmed first hip fracture. Cervical and trochanteric fractures were defined from the surgical report. All patients were studied before surgery and within 18 h after fracture. Patients were excluded if they met any of the following criteria: (a) having been admitted with a pathologic fracture or fracture resulting from trauma other than a fall; (b) having sustained a previous hip fracture; (c) nonosteoporotic metabolic bone disease; (d) thyroid disease, whether controlled or uncontrolled; (e) calcium, fluoride, or vitamin D supplements; or (f) ever having used thiazides, glucocorticoids (> 5 mg prednisone or equivalent per day), estrogens (or estrogen-related drugs), anabolic steroids, or calcitonins for more than 3 months.
An age-matched sample of control subjects was selected from a study population of 245 healthy elderly women recruited from 50 general practices in the province of Brabant, Belgium. To be eligible for participation, women had to be over 70 years of age, noninstitutionalized, and functionally independent. Subjects were excluded if they met any of the following criteria: (a) metabolic bone disease; (b) thyroid disease, whether controlled or uncontrolled; (c) calcium, fluoride, or vitamin D supplements; or (d) ever having used thiazides, glucocorticoids, estrogens, anabolic steroids, or calcitonins for more than 3 months. Details of the recruitment of the subjects have been described previously (24) .
Anthropometric measurements. -Anthropometric measurements were made of height and body weight. Body mass index (BMI) was calculated as body weight divided by height squared (kg/m 2 ).
Biochemical measurements. -Fasting blood and urine samples were collected in the morning from all subjects. In the osteoporotic patients, samples were obtained before surgical treatment and within 18 h after fracture. Total serum calcium, inorganic phosphate, albumin, and creatinine were determined by standard analytic methods. Creatinine clearance was estimated according to Cockroft and Gault, relying on serum creatinine, weight, and age (25) . Calcidiol (25- (30) . Serum intact PTH was measured by a two-step immunochemical method involving an amino-terminal capture and a midregional detecting antibody, as described previously (31) . Measurement of calcitonin was performed using a commercial radioimmunoassay system (Nichols Institute, San Juan Capistrano, CA), measuring native calcitonin[l-32]) (32) . Human osteocalcin was determined by a previously reported radioimmunoassay as well (33) . Pyridinium cross-links [pyridinoline and (deoxy)pyridinoline], corrected for creatinine, were measured on hydrolized urine extract by fluorescent detection after high-pressure liquid chromatography as previously described (34) .
Density measurements. -Both control subjects (n = 117) and a subset of women with fractured neck of femur (n = 50 after excluding patients with substantial postoperative disability) were scanned using dual-energy x-ray absorptiometry (DXA) of the femoral neck region and the M288 BOONEN ETAL. trochanteric area. Areal bone mineral density (BMD) was measured using the Lunar DPX-L scanner (Lunar Radiation, Madison, WI). Standard positioning was used with anterior-posterior scanning of the right proximal femur except in the event of hip replacement when the left femur was scanned. The precision of femoral BMD measurements in elderly women using our DXA equipment is 3.1% at the neck and 2.6% at the trochanter (24) . According to World Health Organization (WHO) criteria (35) , osteoporosis was defined as a BMD value more than 2.5 SD below the young adult average value.
Statistical analysis. -The relation between the biochemical variables was assessed by calculating Pearson's product moment r, based on logarithmic transformation of creatinine clearance, 25(OH)D, PTH(l-84), osteocalcin, and (deoxy)pyridinoline. In view of the fact that no normalizing transformation was found for the parameters time (the interval elapsed after fracture) and age, Spearman rank correlation (p) was used to assess the effect of these parameters on the biochemical variables. Differences in clinical and biochemical data between patients and controls were evaluated with Student's Mest. When comparing serum vitamin D metabolite levels in patients and controls, a correction for differences in DBP was made by adjusting dif- 
RESULTS
Relationship between biochemical parameters of bone metabolism. -Both in elderly controls and fracture cases, age inversely correlated with calculated creatinine clearance (r --.33, p < .001 and r = -.48, p < .001, respectively). Circulating 25(OH)D (r = -.20, p -.04 and r = -.24, p = .01, respectively) decreased as a function of age as well, whereas circulating levels of PTH (r = .37, p < .001 and r = .18, p = .05, respectively) and osteocalcin (r = .25, p = .006 and r = .24, p = .008) increased. Serum osteocalcin was related negatively to the calculated creatinine clearance (r = -.20, p = .05 and r = -.29, p = .007, respectively) and positively to (deoxy)pyridinoline (r = .28-.37, p < .001 and r = .21-.29, p = .03-.003, respectively). As expected, negative correlations were found between 25(OH)D and PTH, both in controls and patients (r = -.23, p = .01 and r = -.18, p = .05, respectively). In the hip fracture group, 25(OH)D was inversely related to pyridinoline (r = -.27, p = .006) and (deoxy)pyridinoline (r = -.35, p < .001). In contrast, no statistically significant relationships were observed between 25(OH)D and urinary (deoxy)pyridinoline in the control group.
Effect of time elapsed since fracture. -According to the cross-sectional distribution of single values from all the patients, there was no significant correlation between the time elapsed after fracture and serum albumin (r=.\\,p = .28) or DBP (r = .06, p = .47). Similarly, serum osteocalcin (r = .09, p = .34; Figure 1 ) and urinary pyridinium crosslinks (r= .12,/? = .22, and r = .14, p = .18, respectively) did not correlate with the time elapsed between sustaining the fracture and the sampling.
Differences in clinical, biochemical, and densitometric parameters between patients and controls. -Clinical, biochemical, and densitometric data from the elderly controls and the hip fracture patients are indicated in Table 1 . No significant differences were observed for mean age and weight between patients and controls. Osteoporotic patients, however, were taller and had a lower body mass index. Serum albumin was significantly lower in hip-fractured women as well. Phosphate levels, serum creatinine, and calculated creatinine clearance were not statistically different, whereas total calcium was lower in fracture patients. However, the decrease in serum calcium did not persist after adjustment for serum albumin (data not shown), indicating that the difference was due to the concomitant hypoalbuminaemia. Serum concentrations of the vitamin D metabolites [both 25(OH)D and 1,25(OH) 2 D 3 ] were lower in patients than in the control subjects. However, when correcting for differences in DBP, the difference in serum 1,25(OH) 2 D 3 was not significant anymore (data not shown). Similarly, the difference in the free 1,25(OH) 2 D 3 index between patients and controls was not significant. Intact PTH concentrations were significantly greater in the fracture group than in the control group (Figure 2 ). Calcitonin levels, on the other hand, were not different in patients and controls. There was a decrease of osteocalcin in hip fracture patients compared with elderly controls, while the resorption markers pyridinoline and deoxypyridinoline were significantly increased. Finally, a highly significant decline was observed in femoral neck and trochanteric BMD in (a subgroup of) hip fracture patients compared to the controls. According to the WHO criteria (35), 92% of the fracture patients were classified as osteoporotic at the femoral neck, compared to 11% of the elderly controls. Similar proportions were observed when based on trochanteric BMD (90% and 12%, respectively).
Comparison of both fracture types. -In 62% of the patients, the fracture was trochanteric. Patients with trochanteric fractures were older than women with cervical fractures, while no differences were found in anthropometry or any of the biochemical parameters between the two different types of fracture (Table 2) .
DISCUSSION
As compared with the controls, the hip fracture patients had a lower BMI and lower serum albumin concentration. These findings are in line with previous reports (8, 10, 12, 20, (36) (37) (38) (39) (40) (41) (42) (43) and suggest nutritional deficiency. Poor nutrition and protein deficiency are indeed common findings in elderly people with hip fracture (8, (40) (41) (42) (43) . On the other hand, circulating protein levels could be affected by acute changes in extracellular fluid composition induced by the trauma. Both albumin (44) and DBP (45) have indeed been shown to decrease within 24 to 48 h after trauma. However, our patients were sampled within 18 h after fracture, and protein concentrations were unrelated to the time elapsed since trauma. Therefore, the low levels of albumin and DBP are likely to reflect preexistent deficiencies. Consistent with this assumption, previous studies including patients more than 48 h after trauma have observed decreases in serum albumin of a much greater magnitude (10, 12, 36, 37) . This may partially have been an effect of time elapsed from the fracture and thus be influenced both by the posttraumatic reaction and the surgical treatment.
Fracture patients showed an increase in bone resorption, as evidenced by increased urinary excretion of both pyridinoline and deoxypyridinoline. Serum concentrations of osteocalcin, on the other hand, were lower in patients than in the control subjects. This level of osteocalcin in fractured patients agrees with a number of recent reports (10, 12, 20) and is consistent with a decreased bone formation, despite higher levels of PTH with a subsequent bone overremodeling. Bone histomorphometry of hip fracture patients has indeed provided evidence for decreased bone formation despite increased bone resorption (7, 46, 47) , suggesting an imbalance (uncoupling) between formation and resorption in age-related osteoporosis. In contrast to our study, serum osteocalcin has been reported to be elevated (14, 15, 18) or normal (16, 17, 19) in hip fracture populations. However, the time passed between fracture and sampling in these studies ranged from 24-48 h to weeks. Therefore, the observed effects could be secondary. Recent prospective evidence has indeed shown that circulating proteins, including serum albumin and osteocalcin, remain unchanged within 18 h after fracture but then gradually decrease to reach a nadir after 48-72 h (20) and subsequently increase (16) . These changes are probably only partially accounted for by changes in bone turnover but rather by a combination of the trauma and the subsequent surgery. In the present study, all samples from patients were collected within 18 h, and neither the serum osteocalcin nor the urinary excretion of (deoxy)pyridinoline correlated with the time elapsed after fracture; this suggests that the decline in bone formation and the increased resorptive activity were unrelated to short-term metabolic alterations induced by the trauma. In addition, the changes in bone markers could not be attributed to differences in renal function, as neither the serum creatinine nor the clearance rate was significantly different between both groups.
Lack of 25(OH)D has been implied in the induction of secondary hyperparathyroidism of the elderly and in turn to bone resorption and fracture risk (46, 48, 49) . Consistent with this hypothesis, hip fracture patients in this study were found to have significantly lower levels of 25(OH)D, coupled with higher concentrations of serum PTH and urinary pyridinium cross-links. The difference in circulating 25(OH)D between patients and controls is in keeping with most previous reports (10, 13, 37, 38, 50) and cannot be explained by seasonal variation, as both groups were equally distributed over the year. However, deficiency of 25(OH)D has not been a consistent finding in fracture patients. The lack of evidence for vitamin D deficiency in some studies (12, 17) may have been related to different inclusion criteria, in particular the selection of controls among institutionalized elderly women and geriatric patients.
Data on serum PTH in age-related osteoporosis have been conflicting as well. Compston et al. (11) were the first to report elevated serum-intact PTH levels in a large proportion of elderly patients with fracture of the proximal femur, but PTH values were compared to a young adult reference range. In view of the fact that PTH increases with age (51) (52) (53) , their results are difficult to interpret. In a recent similar analysis using an immunoassay to measure intact PTH, serum levels of PTH were higher in femoral neck fracture patients than in controls of similar age (13) . In contrast, a number of studies failed to show any increase in PTH in hip fracture patients (9, 10, 12) . However, this could reflect the lack of specificity and sensitivity of the assays used, since intact hormone was not measured. In the present study, 25(OH)D deficiency in hip fracture patients was associated with a significant increase in circulating PTH and urinary (deoxy)pyridinoline, supporting the view that secondary hyperparathyroidism contributes to bone loss and the high incidence of osteoporosis in the elderly population. Although the relation between secondary hyperparathyroidism and fracture occurrence may be explained by the effect of PTH on bone loss during previous years, the increased urinary excretion of pyridinium crosslinks in the fracture group reflects a currently increased bone resorption.
Bioavailability (30, 54) , whereas the latter is bound to albumin for 23% (54, 55) . Therefore, part of the decrease in concentration of serum vitamin D metabolites in the patient group might be related to the low levels of circulating proteins. However, when correcting for DBP, serum 25(OH)D levels were still significantly lower in fracture cases. In contrast, differences in 1,25(OH) 2 D 3 did not persist after adjustment for DBP. Similarly, estimates of the free 1,25(OH) 2 D 3 concentrations showed no significant differences between patients and controls, suggesting that 1,25(OH) 2 D 3 levels are maintained in the normal range in the hip fracture patients by an increase in serum PTH. The absence of a significant decrease of the active 1,25-hydroxylated metabolite may explain the low incidence of osteomalacia in cases of hip fracture (46, 56) . However, the fact that the increase in PTH levels in fracture patients was not associated with a parallel increase in serum 1,25(OH) 2 D 3 suggests renal la-hydroxylase resistance to PTH in this population.
Both in fracture patients and in elderly controls, serum concentrations of osteocalcin were found to increase as a function of age. Similar results were recently reported by Garnero et al. (57) and are considered to reflect the increasing overall skeletal rate of bone turnover with aging in women. Secondary hyperparathyroidism resulting from vitamin D deficiency is likely to be involved in this increase in bone turnover rate in the elderly. Consistent with this view, increased serum-intact PTH was associated with increased levels of circulating osteocalcin both in patients and controls. However, these findings do not preclude a decline in osteoblast function at the cellular level since biochemical markers of bone turnover (including osteocalcin) primarily reflect the overall net changes of formation or degradation of the bone matrix. As indicated, bone loss occurring in late menopause is attributed in part to an agerelated decrease in bone formation, an assumption resulting from histotogical studies. Such a decrease in bone formation at the cellular level does not preclude an increase of the rate of bone formation (and resorption) at the skeletal level [i.e., an increase in the overall rate of bone turnover or activation frequency (57) ]. Moreover, compared to the expected age-associated increase of serum osteocalcin as observed in the age-matched controls, the hip fracture patients had a decreased osteocalcin level despite higher concentrations of intact PTH. These differences further support the notion that this population of osteoporotic elderly women may have an impaired osteoblast function.
In concentrations near the physiologic range, human calcitonin abolishes osteoclast activity in vitro (58, 59) , suggesting that calcitonin may tonically inhibit bone resorption in vivo. However, it is uncertain whether physiological levels of calcitonin have any important role in regulating calcium homeostasis in humans (60) , and the exact role of calcitonin in the pathogenesis of type II osteoporosis remains to be clarified. In fact, calcitonin metabolism in osteoporotic patients has not yet been exhaustively investigated, and data from the literature remain conflicting (61-63). Stevenson et al. (61) reported impaired calcitonin secretion in 10 women who had sustained a femoral neck fracture after minor trauma. The control group consisted of 10 osteoarthritic patients of similar age. Both basal values and peak levels following calcium infusion, 7-10 days after surgery, were lower in the osteoporotics compared to the controls, but there was considerable overlap between the two groups. In contrast, Reginster et al. (62) found that the basal level of calcitonin, the metabolic clearance rate, and its production rate did not appear to be different in 14 patients with hip fracture compared to 27 age-matched controls. However, femoral fractures occurred 6 months to 3 years before the determination of calcitonin levels. Similar results were obtained by Beringer et al. (63) , analyzing 20 women within 24 h after femoral neck fracture and 10 nonosteoporotic controls. In line with these reports, basal calcitonin levels in this study were not significantly depressed in a large population of elderly women shortly after hip fracture, suggesting that calcitonin deficiency is not involved in the pathogenesis of age-related osteoporosis.
Our conclusions need to be tempered by the limitations of the cross-sectional design used in this study. As indicated, the low levels of serum osteocalcin and the increase in urinary excretion of (deoxy)pyridinoline are likely to reflect preexistent alterations, independent of the trauma. However, we acknowledge that it is impossible to completely control for the effect of the moment of trauma in a cross-sectional analysis and that confirmation would require a longitudinal design. In addition, our control subjects were not selected as representative of the general elderly population but rather to allow us to study bone metabolic indices in the absence of confounding diseases and medications. Therefore, the results may not be generalizable to the overall elderly population at risk for hip fracture.
In summary, our data emphasize the role of secondary hyperparathyroidism-induced bone resorption in the pathogenesis of hip fractures, mainly due to low 25(OH)D levels. Age-related osteoporotic fracture occurrence is, on the other hand, not associated with 1,25(OH) 2 D 3 deficiency. The efficacy of a preventive treatment with calcium and cholecalciferol in lowering the frequency of hip fractures among elderly institutionalized women (48) is consistent with the metabolic changes observed in the present study. However, the etiology of the decline in bone formation, as evidenced by low levels of circulating osteocalcin, deserves further investigation.
